We address a number of theoretical and phenomenological issues in two-body charmless non-leptonic B decays in the context of a factorization model. A classification of the exclusive decays involving tree and penguin amplitudes is reviewed. The role of QCD anomaly in exclusive decays involving an η or η ′ is elucidated and comparison is made with the existing data. We argue that the factorization approach accounts for most of the observed two-body B decays.
Introduction
The standard theoretical framework to study B decays is based on an effective Hamiltonian, obtained by integrating out the top quark and W ± fields, which allows to separate the short-and long-distance-contributions in these decays using the operator product expansion. QCD perturbation theory is used in deriving the renormalization group improved short-distance contributions and in evaluating the matrix elements at the parton level. The long-distance part in the two-body hadronic decays B → M 1 M 2 involves the transition matrix elements M 1 M 2 |O i |B , where O i is a four-quark or magnetic moment operator. Calculating these matrix elements from first principle is a true challenge and a quantitative theory of exclusive B decays is not yet at hand. Hence, some assumption about handling the hadronic matrix elements is at present unavoidable. We assume factorization, in which soft final state interactions (FSI) are ignored, and hence the hadronic matrix elements in the decays B → M 1 M 2 factorize into a product of theoretically more tractable quantities 1 .
The rationale of factorization lies in the phenomenon of colour-transparency 2 in which a pair of fast moving (energetic) quarks in a colour-singlet state effectively decouples from long-wavelength gluons. In two-body Bdecays, the decay products have each an energy E i of O(m B /2), which is large enough (compared to Λ QCD ) for the above argument to hold. Phenomenologically, the factorization framework does remarkably well in accounting for the observed non-leptonic two-body B-decays involving the current-current operators O c 1,2 , inducing b → c transitions 3 . The decays B → h 1 h 2 , where h 1 and h 2 are light hadrons, are more complex as they involve, apart from the current-current, also QCD-and electroweak penguin-induced amplitudes. However, in simpler circumstances where a single (Tree or Penguin) amplitude dominates, it should be possible to make predictions for the decays B → h 1 h 2 in the factorization framework which are on the same theoretical footing as the two-body B-decays governed by the operators O We review some selected B → h 1 h 2 decays. The underlying theoretical framework and the results presented here are based on the work done in collaboration with Greub 4 , Chay, Greub and Ko 5 , and Kramer and Lü 6,7 . A comparison with the available data from the CLEO collaboration, some of which has been updated at this conference 8 , is also made.
Effective Hamiltonian Approach to B Decays
The effective Hamiltonian for the ∆B = 1 transitions can be written as:
where G F is the Fermi coupling constant, V ij are the CKM matrix elements, C i are the Wilson coefficients and q = d, s. (O 12 ) is the electromagnetic (chromo-magnetic) dipole operator. Their precise definition can be seen elsewhere 6 . The Wilson coefficients depend (in general) on the renormalization scheme and the scale µ at which they are evaluated. However, the physical matrix elements h 1 h 2 |H ef f |B are obviously independent of both the scheme and the scale. Hence, the dependencies in the Wilson coefficients must be compensated by a commensurate calculation of the hadronic matrix elements in a non-perturbative framework, such as lattice QCD. Presently, this is not a viable strategy as the calculation of the matrix elements h 1 h 2 |O i |B is beyond the scope of the current lattice technology. However, perturbation theory comes to (partial) rescue, with the help of which one-loop matrix elements can be rewritten in terms of the tree-level matrix elements of the operators and the effec-tive coefficients C ef f i , which are scheme-and (largely) scale-independent:
The effective coefficients multiplying the matrix elements < sq ′q′ |O (q) j |b > tree may be expressed as 4,6 :
Here, r is in order. First of all, the scale-and scheme-dependence in C i mentioned above are now regulated. However, there are still schemeindependent but process-specific terms omitted in Eq. has been obtained in the Landau gauge using an off-shell scheme in the calculation of the virtual corrections 9,10 . This raises the spectre of C ef f i becoming gauge dependent 12 . A remedy of these related problems is a perturbative formulation, in which the real and virtual corrections to the matrix elements are calculated in the NLL approximation in a physical (on-shell) scheme. The gauge-dependence in C ef f i will then cancel in much the same way as in inclusive decays 13 . However, for exclusive decays, this procedure will bring in a certain cut-off dependence of C ef f i due to the bremsstrahlung contribution, for which only a limited part of the phase space can be included in C ef f i
. This sensitivity has to be treated as a theoretical systematic error. Next, as already stated, the coefficients C ef f i are functions of k 2 . In the factorization approach, there is no model-independent way to keep track of this dependence. So, one has to model the k 2 -dependence or use data to fix it. At present one varies this parameter in some reasonable range 14 ,
2 , and includes this uncertainty in the estimates of the branching ratios. The k 2 -related uncertainty in the CP-asymmetries in some cases is prohibitively large 15,7 . Clearly, more theoretical work and data are needed on these aspects.
Factorization Ansatz for
The factorization Ansatz for the decays B → h 1 h 2 is illustrated below on the example of the u-quark contribution in the operator O 5 in the decay B − → K − ω 4 , where
There are two diagrams which contribute to this decay (see, Fig. 3 in ref. 4 ). Calling the contributions by D 1 and D 2 , the factorization approximation for D 1 is readily obtained:
in its Fierzed form:
where λ represents the SU (3) colour matrices and N c is the number of colours. Now, in the factorization approximation the second term in the square bracket does not contribute and one retains only the color-singlet contribution. This example illustrates the general structure of the matrix elements in the factorization approach. Thus, generically, one has
The factorization approximation amounts to discarding the 8 ⊗ 8 contribution and compensating this by the parameters a 2i and a 2i−1 (i = 1, ..., 5):
(8) These phenomenological parameters have to be determined by experiment. A particularly simple parametrization is obtained by replacing 1/N c in Eq. (7) by a phenomenological parameter ξ:
With this parametrization, a variety of decays such as
yield a universal value of ξ. Further, the parameter a 1 in these decays comes out close to its perturbative value, obtained by setting N c = 3, and the experimental phase of a 2 /a 1 is found to agree with the one based on factorization 3 . It is, therefore, tempting to extend this simplest parametrization to all ten parameters a i in the decays B → h 1 h 2 . For a different point of view on the parametrization of the penguin amplitudes, see the talk by Cheng 17 and the papers by Ciuchini et al. 18 .
The numerical values of a i are given in Table 1 A number of observations on the entries in Table 1 is in order:
• Only the coefficients a 1 , a 4 , a 6 and a 9 are stable against N c -variation, i.e., they are of O(1) as N c → ∞, with their relative magnitudes reflecting the SM dynamics (quark masses and mixing angles). The rest a 2 , a 3 , a 5 , a 7 , a 8 and a 10 being of O(1/N c ) are unstable against the variation of N c .
• The coefficients a 1 , a 2 , a 4 , a 6 and a 9 can be determined by measuring the ratios of some selected branching ratios. This has been studied extensively in the paper with Kramer and Lü 6 , where detailed formulae and their (reasonably accurate) approximate forms are given. These ratios will be helpful in testing the predictions of the factorization approach in forthcoming experiments.
• The QCD-penguin coefficient a 3 and the electroweak-penguin coefficients a 7 , a 8 and a 10 are numerically very small. Hence, it will be difficult to measure them.
Classification of Factorized Amplitudes
In the context of Tree-decays, a classification of the twobody decay amplitudes was introduced by Stech and coworkers 1 . These classes, concentrating now on the B → h 1 h 2 decays, are the following:
• Class-I, involving decays in which only a charged meson can be generated directly from a coloursinglet current, as in
• Class-II, involving decays in which the meson generated from the weak current is a neutral meson,
• Class-III, involving the interference of class-I and class-II decay amplitudes, M(B → h 1 h 2 ) ∝ a 1 + ra 2 , where r is a process-dependent (but calculable in terms of form factors etc.) constant. Some examples are
This classification has been extended to the decays involving penguin operators 6 . In the B → h 1 h 2 decays, one now has two additional classes:
• Class-IV, involving decays whose amplitudes contain one (or more) of the dominant penguin coefficients a 4 , a 6 and a 9 , with constructive interference among them. Their amplitudes have the generic form:
with the second (penguin-induced) term dominant in each of the three amplitudes. The ellipses indicate possible contributions from the coefficients a 3 , a 5 , a 7 , a 8 and a 10 which can be neglected for 20 [20] this class of decays. The coefficients α j are processdependent and contain the CKM matrix elements, form factors etc.
Examples of Class-IV decays are quite abundant. They include decays such as
, which involve a 1 + ra 2 as the tree amplitude, and
(and charged conjugates), which involve a 2 from the tree amplitude. Finally, the purepenguin decays, such as
etc. naturally belong here. Several of these decays have been measured by the CLEO collaboration 8 .
• Class-V, involving decays with strong N cdependent penguin coefficients a 3 , a 5 , a 7 and a 10 , interfering significantly with one of the dominant penguin coefficients. Decays in which the dominant penguin coefficients interfere destructively are also included here.
Examples of this class are:
In all these cases, the amplitudes are proportional to the linear combination [a 3 + a 5 − 1/2(a 7 + a 9 )]. Examples of decays whose amplitudes are proportional to the dominant penguin coefficients interfering destructively are:
The above five classes exhaust all cases.
One expects that only class-I and class-IV decays (and possibly some class-III decays) can be predicted with some reasonable theoretical accuracy (typically a factor 2). In almost all of the decays studied in these classes 4,6 , the variation of the branching ratios with N c is not very marked. Hence, the effective coefficients extracted from data should come out rather close to their perturbative QCD values. Decays in other classes involve, in most cases, large and delicate cancellations, and hence their decay rates 6 (and CP asymmetries) are difficult to be predicted reliably 7 . An example is the decay B ± → ωK ± , which has been measured by the CLEO collaboration 8 but whose decay rate varies by more than an order of magnitude in the range 0 < ξ < 0.5 in the present approach 4,6 . Before comparing this framework with data, we discuss the decays B → Kη ′ (η) and B → K * η ′ (η), which have received lot of interest lately 19 . To be specific, we concentrate on the decay B ± → K ± η ′ (η). In the factorization approach, the matrix element for the decay B ± → K ± η ′ can be expressed as
the quantities f (c)
measure the charm content of the η ′ and η, respectively. Using this notation, the coupling constant f ηc , defined analogously,
can be used to normalize them. The constants f • f (c)
This is a purely phenomenological approach. One admits a small |cc admixture in the SU (3)-singlet state vector |η 0 , characterized by θ cc . In the small-tan θ cc limit, and using one-mixing-angle (θ) formalism for the (η-η ′ ) complex, one can write down the following relations 4 :
Using the observed decay width 20
one obtains f ηc = 411 MeV from the central value. The mixing angle θ cc can be determined from the ratio of the following radiative J/ψ-decays 20 :
This leads to a value |θ cc | ≃ 0.014, yielding 4 :
Note that the signs of f (c)
are not determined in this method. In the two-angle mixing formalism for the (η-η ′ ) complex 21 , the angle θ in the expressions for f • ), the value of f ηc is reduced, yielding
• f In this case, the matrix elements are modeled by annihilating the charm-anticharm quark pair into two gluons, effecting the decay b → sgg, followed by the transition gg → η (′) (see Fig. 1 in ref. 5 ). The first part of this two-step process, i.e., b → sgg, has been worked out by Simma and Wyler 22 , and their result can be transformed in the language of the effective theory:
where the non-local operator O sgg is given by
where k 1 and k 2 are the momenta of the two gluons. The function ∆i 5 (z) is given by
, for 0 < z < 4 . 
one gets 5 : f (c)
corresponding to the value m c = 1.3 GeV [m c = 1.5 GeV]. The two calculations give (within a factor 2) consistent results, with the anomaly method determining both the magnitudes and signs. The charm contents of the η ′ and η are, however, found to be small in both approaches.
Comparison with Data and Outlook
In Table 2 , the branching ratios, averaged over the charge-conjugated modes, for the decays B → P P involving two pseudoscalar mesons are shown. The entries in this table 6 have been calculated using the BSW-model 1 and [Lattice QCD/QCD sum rule] form factors. Experimental numbers from CLEO 8 are shown in the last column.
We conclude this contribution with a number of remarks.
• All five decays measured by the CLEO collaboration shown in Table 2 are penguin-dominated class-IV decays. The estimates based on the factorization model are in reasonable agreement with data, except perhaps for the decay B + → K + η ′ for which experiment lies (approximately) a factor 2 higher. All upper limits are in accord with the estimates given here. Thus, QCD-penguins in B decays are measurably large but not anomalous.
• It is fair to conclude that the QCD-improved factorization framework discussed here provides a first step towards understanding exclusive two-body B decays. However, there are many open theoretical questions and more work is needed. In particular, most class-V decays is a hrad nut to crack.
• Finally, non-leptonic B decays provide new avenues to determine the CKM parameters. At present no quantitative conclusions can be drawn as the experimental errors are large, but potentially some of these decays will provide complementary information on the CKM parameters 24 to the one from the unitarity constraints. 
